1. In adult man, brown fat can be detected in perinephric fat depots by visual inspection, electron microscopy and nucleotide binding to the tissuespecific uncoupling protein.
Introduction
In small mammals brown fat is a major site for non-shivering thermogenesis, producing heat during Correspondence: Dr R. T. Jung, Wards 314, Department of Medicine, Ninewells Hospital and Medical School, Dundee DDl 9SY, Scotland, U.K.
cold exposure (cold-induced thermogenesis) and dissipating excess calories when over-fed (dietinduced thermogenesis) [ 1 ] . Underlying much of the current interest in this tissue is the speculation that in the human adult it may contribute to thermogenesis, and hence regulation of body weight. Cells with the histological appearance of brown adipocytes have been described in a number of fat depots in adult man [2] . However, it would be incorrect to assume functional identity merely on the basis of histological similarity. More convincing would be the demonstration ofthe presence of the tissue-specific 32 kDa uncoupling protein, a prerequisite for thermogenesis [3, 41. So far the presence of uncoupling protein has only been described in the newborn and in some adult subjects with phaeochromocytoma . We present here the identification of functional brown fat in perinephric adipose depots obtained from subjects of various ages and evaluate its energetic potential.
Methods
Perinephric adipose tissue was obtained from each of 22 subjects (Table 1 ) of age range 3-74 years. Fifteen samples were from live donors operated upon for diverse clinical reasons, the remaining seven being autopsy tissue received less than 18 h post mortem. None was obese. Ethical approval was given by the Tayside Health Board Ethical Committee. Material for light microscopy was prepared from paraffin-embedded sections stained with haematoxylin and eosin. Electron microscopy sections were prepared from glutaraldehyde plus osmium tetroxide fixed specimens. 16 .umol/l albumin, 1.3 pmol/l rotenone, 10 pmol/l
[3H]GDP (lOpCi/ml) and lOOpmol/l ['4C]sucrose (3 pCi/ml), pH 7.0,30°C [8] .
Mitochondria1 membrane potential was monitored by using a tetraphenylphosphonium (TPP)-sensitive electrode and the proton current generated by the respiratory chain assessed with an oxygen electrode [9, 101. Mitochondria (0.3 mg/ml) were incubated in a medium containing 50 mmol/l KCI, 10 mmol/l Tes (sodium salt), 2 mmol/l EGTA, 5 mmol/l phosphate (sodium salt), 10 mmol/l pyruvate, 6 mmol/l malate, 10 mmol/l sn-glycerol-3-phosphate, 2 pg/ml oligomycin, 5 pmol/l TPP and 16 .umol/l albumin, pH 7.0, 3OoC.
Cytochrome oxidase activity was assayed by the method of Rafael [ l l ] . There was no significant decrease in activity in post mortem tissue compared with biopsies taken during operation.
For comparison mitochondria were prepared in parallel from the dorsal brown fat pad of guinea pigs of either sex maintained at either 28-31°C or 4-7OC for at least 2 weeks. In all cases a final resuspension of the mitochondria in 100 mmol/l KC1/5 mmol/l Tes, pH 7.0, was made.
Oxygen consumption of a separate group of 13 healthy fasting subjects aged 21-37 years was determined by indirect ventilated hood calorimetry (using Servomex paramagnetic oxygen analysis) before and during 45 min of noradrenaline infusion (0.1 pg min-' kg-' ideal weight). This was sufficient Electron micrograph (X 3100) of a cell from a dark area of perinephric fat from subject no. 7, showing numerous dense mitochondria and multilocular fat droplets.
Results
All samples received from subjects under the age of 50 where the total perinephric fat was obtained displayed localized areas of distinct brown coloration (Table 1) . Three positive identifications (one in a patient who was aged 69) out of six were recorded from older patients. Light microscopy ( Fig. la) shows that dark and light areas of the human tissue possess adipocytes with predominantly multilocular and uniloquk fat droplets respectively. Under fl%' 'electron microscope (Fig. lb) cells from dark regions can be seen which are similar to those from the authentic brown fat of cold-adapted animals.
High-affinity GDP binding was carried out in order to quantify the uncoupling protein present in the mitochondria. Seven of the subjects were studied, five of which produced mitochondrial yields sufficient to allow separate analysis of dark and light areas ( Table 2) . Additionally three complete Scatchard analyses were performed to quantify the maximal capacity and binding affinity of the GDP-binding site. GDP binding to mitochondria from the dark areas was in the range 0.13-0.30, whilst that to mitochondria from the lighter areas varied from 0.06 to 0.21 nmol of GDP/mg of mitochondrial protein. For comparison, guinea-pig brown adipocyte mitochondria bind 0.10nmol of GDP/mg of mitochondrial protein in the warm-adapted state and 0.75 nmol of GDP/mg of mitochondrial protein in the coldadapted state. The K d values, the concentration at which the binding sites were half saturated, were 2.3 j,unol/l in both states.
In order to establish whether GDP binding was indicative of functional uncoupling protein, the dissipative proton conductance across the human mitochondrial inner membrane was monitored. Proton conductance is a measure of the facility with which protons can cross the membrane and is defined as proton current per mV of proton electrochemical potential. The latter is the sum of the membrane potential and the pH gradient. Since the pH gradient is small in the presence of millimolar phosphate concentration [9] we can directly calculate the conductance from the oxygen and TPP electrode traces. Normally, the dissipative conductance is very low in mitochondria from tissues other than brown fat, proton re-entry being coupled to ATP synthesis. The binding of GDP t o the uncoupling protein inhibits its proton conductance with consequent induction of respiratory control whereas fatty acids over-ride this effect [ 13, 141. Typical results from a subject are shown in Table 3 . The membrane proton conductance of the human mitochondria in the absence of GDP is intermediate between the values for the warm-and cold-adapted guinea pig. That this conductance is due to the uncoupling protein is seen by the extensive inhibition on adding GDP. A high sensitivity to subsequent palmitate uncoupling is characteristic of the protein, and is shown by the human mitochondria. Respiratory traces (not shown) indicate that the GDP-induced inhibition of conductance is a general phenomenon in the human samples, including those from light-coloured areas, although the mitochondrial yield was very low from light areas, consistent with the decreased cytochrome c oxidase activity (Table 1) .
Cytochrome oxidase is the terminal complex of the respiratory chain and is not the rate-limiting step in mitochondrial respiration. Ideally, in order to estimate the contribution the tissue could make to noradrenaline-stimulated thermogenesis, isolated cells should be prepared under conditions where responsiveness was retained in vivo. The increase in respiration of the cells on addition of the hormone could then be used to extrapolate back to the response of the total tissue. Unfortunately, no such preparations of hormonally responsive human brown adipocytes have been described. It is, however, possible to prepare brown adipocytes from both warm-and cold-adapted guinea pigs 191 which retain to a large degree the respiratory properties of the tissue in vivo (J. Rafael cells. Thus warm-adapted cells express only 1.3% of their cytochrome oxidase activity. This difference (which accounts rather exactly for the difference in thermogenic capacity of the respective animals)
[15] is due to the relative lack of uncoupling protein in the mitochondria from the warm-adapted animals [lo]. The mitochondrial content of uncoupling protein in the human samples (0.06-0.3 nmol/mg of mitochondrial protein) is intermediate between that of the mitochondria from warm-adapted and cold-adapted guinea pigs, and it is therefore reasonable to take an intermediate value, say lo%, for the fraction of the cytochrome oxidase activity which could be expressed by the mitochondria in situ when human brown adipocytes are challenged with noradrenaline. Table 1 gives an estimate, based on the above assumptions, of the volume of oxygen that could be utilized by the adipose tissue surrounding both kidneys during noradrenaline stimulation. A mean value of 56pl of oxygen/min (range 13-150) was obtained.
To relate these values to the whole-body response to infused noradrenaline the oxygen consumption of 13 healthy subjects was determined before and after noradrenaline infusion. Basal fasting oxygen consumption was in the range 173-219 ml of 02/min and the noradrenalineinduced increase varied from 14 to 49 ml of 02/ min (mean 3 1 ml of 02/min). Thus the respiratory capacity of the total perinephric adipose tissue can only account for about one-fivehundreth of the whole-body response to noradrenaline.
Discussion
In this study, brown fat was identified in perinephric adipose tissue of most adult subjects below, but less frequently in those above, the age of 50. The presence of a 32 kDa uncoupling protein which allows proton re-entry into the mitochondrial matrix without the usual obligatory proton cq&ing to respiration is characteristic of the brown fat mitochondria [4] . This uncoupling protein may be quantified by nucleotide binding, and we are able to demonstrate significant binding in all samples investigated ( Table 2 ). The amount of uncoupling protein per mitochondrion is equivalent to that found in the brown fat of a partially cold-adapted guinea pig.
The high-affinity binding of GDP to the human brown fat mitochondria is consistent with a specific interaction with the uncoupling protein [16] . The uncoupling protein is functional in man for the isolated mitochondria are both sensitive to GDP and fatty acids. These changes in respiration and also those of membrane potential were greatest in the cold-adapted guinea pig, intermediate in human mitochondria and least in the warmadapted guinea pig. This suggests that human brown fat has some potential for thermogenesis.
There is much debate concerning dietary induced facultative thermogenesis in man. Some doubt its actual existence [17] ; whereas others suggest that it may be defective in obese man
[18]. Some have speculated that the defect may involve brown fat similar to that discovered in some genetic strains of rodents [19] .
Our assessment of the respiratory capabilities of the total perinephric fat found in non-obese man indicates that in the average adult this fat would account for less than 0.2% of the increase in oxygen consumption during noradrenaline stimulation.
In the rodent, 25% of the total brown fat is perirenal [20] . Although the proportions of brown fat located in the different depots of adult man have yet to be precisely determined, our dissections of whole man and the work of others [2, 21] would indicate that the perinephric area is the major site of brown fat in man. One would have to assume, unrealistically, that other depots of brown fat had an aggregate thermogenic capacity more than one-hundred fold greater than the perinephric site for this tissue to have relevance to any thermogenic defect in obese man. The situation in man contrasts with that in rodents, where brown fat thermogenesis accounts for almost all the extra heat produced in response to noradrenaline both in cold adaptation [22] and in overfeeding [23] .
Chronic infusion of noradrenaline increases the synthesis of the uncoupling protein, and hence GDP binding, in rodent brown fat mitochondria [24] . Ricquier et al. [6] have reported the presence of large amounts of perirenal brown fat in three patients with phaeochromocytoma. In only one case was sufficient tissue obtained for detailed analysis, the authors determining a cytochrome c oxidase activity of 0.8-1.6 pmol of 0 min-' g-' of tissue, while the purified mitochondria bound 0.21 nmol of GDP/mg of protein. Both of these values are within our range for patients without a phaeochromocytoma. This explains why we have failed to detect any elevated activity of brown fat in our patient (no. 12) with a phaeochromocytoma and may throw some doubt on the assumption that chronic catecholamine hypersecretion by a phaeochromocytoma results in elevated brown fat activity in man.
In conclusion, the respiratory inadequacy of human brown fat suggests that considerable caution must be exercised in extrapolating from animal studies to the human. Nevertheless, since the human mitochondria do possess functional uncoupling protein, the possibility exists of increasing the tissue activity by pharmacological intervention [ 251.
Note added in proof: we have prepared functional brown adipocytes from the peri-renal tissue of a 3 month infant. The cells showed a four-fold respiratory stimulation with noradrenaline, equiva-lent to 7% of their cytochrome c oxidase activity, confirming the assumptions made in this paper relating stimulated thermogenesis to cytochrome c oxidase activity.
